L'6lectrophorBse en gel de SDS-polyacrylamide a permis d'identifier une vingtaine de protCines prksentes dans la membrane cytoplasmique isol6e de souches representatives de Mycobacterium avium, M. intracellulare et M. scrofulaceum (groupe MAIS). Une protCine membranaire etait nettement predominante comptant pour prBs de 50% des protkines membranaires totales. Cette principale protkine de la membrane cytoplasmique (MCMP) a un poids mol@ulaire de 31 000 et elle est exposee i la surface car elle est sensible i la digestion par la protkinase. La composition du milieu de culture influence fortement la quantite de MCMP prksente dans la fraction membranaire. Des mesures par << Western blot B ont rCv6lC que cette MCMP et certaines autres protkines membranaires reagissaient positivement avec des serums de patients infect& par M. avium-intracellulare, M. tuberculosis ou d'autres mycobactCries.
Introduction
Mycobacteria of the Mycobacterium avium, M. intracellulare, and M. scrofulaceum (MAIS) group are found in high numbers in water , soil (Brooks et al. 1984) , and aerosol (Wendt et al. 1980) samples collected in the southeastern United States. Because of the diversity of environments where these slow-growing pathogenic bacteria have been isolated (Brooks et al. 1984; Falkinham et al. 1980 Falkinham et al. , 1984 , we have sought to characterize the cell surface layers in order to understand the basis for their ability to thrive under such a wide variety of conditions. In addition, studies of the cell envelope of MAIS organisms might provide information to test the hypothesis that the antibiotic resistance of this group of human and animal pathogens (Wollinsky 1979 ) is due to the existence of a permeability barrier (Rastogi et al. 1981; Mizuguchi et al. 1983) .
Earlier studies demonstrated that MAIS organisms had mixed cationic -anionic surfaces, unlike the surfaces of other mycobacteria . Those studies further demonstrated that proteinase treatment of whole cells altered the pH electrophoretic mobility curves , suggesting the presence of surface-exposed proteins. Because of the role of membrane proteins, especially the porins (Nikaido and Vaara 1985) , in the transport and accumulation of a wide variety of compounds into cells, we sought to isolate and characterize the cytoplasmic membrane of M. aviurn, M. intracellulare, and M. scrofulaceum strains and compare its protein composition with the cytoplasmic membrane of ' Author to whom all correspondence should be addressed.
Printed in Canada 1 Imprime au Canada other mycobacteria. In addition, we determined if any cytoplasmic membrane proteins were antigenic. We were encouraged to expand the study because of the call for development of rapid serodiagnostic methods for recognition of MAIS infections (Iseman et al. 1985) and the observation that purified hntigen 5 of M. tuberculosis was a superior antigen for serodiagnosis of tuberculosis (Benjamin and Daniel 1982; Benjamin et al. 1984) .
Materials and methods

Bacterial strains
Mycobacterium avium strain 13s (Wendt et al. 1980) was the principal strain employed in this study. In addition, other mycobacterial strains were investigated including the following: M. avium strains TMC706 and TMC724 (Baess 1983) , 13528-1079 (Parker et al. 1983 ), and 2 s (Wendt et al. 1980); M. intracellulare strains TMC1405 and Manten 157 (Baess 1983) ; M. scrofulaceum strains TMC1306 and TMC1312 (Baess 1983 ) and 14s and 16s (Wendt et al. 1980) ; M. fortuitum strain 1973-80 ; M. smegmatis strain ATCC607; M. terrae strain W820 ; and M. gordonae strain 4562 .
Media and growth of mycobacteria
All strains were grown in Middlebrook 7H9 broth base (BBL Microbiology Systems, Cockey sville, MD) containing 0.5 % (vlv) glycerol (M7H9). For some experiments an oleic acid -albumin enrichment (prepared as described in Meissner and Falkinham, 1986) was added to a final concentration of 10 % (vlv) (M7H9 +E) . For personal use only.
Isolation of cytoplasmic membrane fraction
Approximately 400 mL of a late log phase culture of cells grown at 30°C in either M7H9, M7H9 +E, Tween 80 -MM, or autoclaved river water were centrifuged at 5000 X g for 20 min at 4°C. Larger initial cell volumes were harvested when the medium used produced a lower cell yield. The pellet was washed three times in 40 mM potassium phosphate buffer (pH 6.5) containing 1.0 rnM EDTA. To the final 10 mL of cell suspension in buffer was added phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 0.3 mM and 1 mg DNase I and 1 mg RNase A (all from Sigma Chemical Co., St. Louis, MO). After the cells were disrupted by two passages through a French pressure cell (American Instruments Co., Silver Spring, MD) at 20 000 Ib/in.2 (1 1bli11.~ = 6895 kPa) MgCl, was added to a final concentration of 2.0 mM. The suspension was cleared by centrifugation at 15 000 x g for 15 min at 4OC to yield the crude extract fraction in the supernatant. This supernatant fraction was centrifuged at 96 000 x g for 60 min at 4OC to separate the cytoplasmic membrane (pellet) and soluble (supernatant) fractions. The pellet was washed two times with 40 mM potassium phosphate buffer (pH 6.5) containing 2.0 mM MgCl,, 0.3 mM PMSF, and 1.0 mM EDTA and collected by centrifugation as above and suspended in a final volume of 2.5 mL of that solution. Total protein was measured using the method of Lowry et al. (1951) .
Proteinuse treatment of whole cells
Cells, grown in 350 mL of M7H9 to late log phase at 30°C, were harvested by centrifugation at 5000 X g for 20 min at 4OC. The cell pellet was washed twice in phosphate-buffered saline (PBS, 0.15 M NaCl in 0.02 M potassium phosphate buffer, pH 7.5) and suspended in a final volume of 30 mL PBS (pH 7.5). Samples (10 mL) were withdrawn, proteinase was added to a final concentration of 1 mg/mL, and the suspensions were incubated at 37OC for 60 min. Following incubation, the cells were collected by centrifugation and the pellets treated as described for isolation of cytoplasmic membrane (including washes). Proteinase K (pH optimum 7.5; Boehringer Mannheim, Indianapolis, IN), protease V from Streptomyce griseus (pH optimum 7.5; Sigma Chemical Co., St. Louis, MO), and protease VII (subtilisin, pH optimum 7.5; Sigma Chemical Co., St. Louis, MO) were used.
Enzyme assays
Catalase activity was measured according to the method of Beers and Sizer (1952) , NADH oxidase according to Asano et al. (1973) , and succinic dehydrogenase assayed according to Arrigoni and Singer (1962) on the crude extract and soluble and cytoplasmic membrane fractions. Specific activity is expressed as units per milligram protein (Ulmg).
Cytochrome and flavoprotein
The concentration of individual cytochromes and total flavoprotein in the subcellular fractions were measured from the sodium dithionite reduced minus oxidized difference spectra measured as described by Jones and Redfearn (1966) using a Spectronic 2000 spectrophotometer (Bausch and Lomb Analytical Systems Division, Rochester, NY).
Polyacrylamide gel electrophoresis
A cytoplasmic membrane fraction sample containing 15 pg of protein was electrophoresed on a vertical slab apparatus (Hoefer Instruments, San Francisco, CA) according to the method of Schnaitman (1971) . A 3.0% bis:acrylamide stacking gel containing 0.1 % SDS was run over an 11 % bis:acrylamide gel containing 0.2% SDS using a 0.025 M TRIS -HCl (pH 8.3) buffer containing 0.19 M glycine and 0.1 % SDS at 25 -30 mA (E-C Apparatus Corp., St. Petersburg, FL). SDS -PAGE standards were used to determine molecular weight and pyronin-Y was used as a tracking dye. All reagents were obtained from Bio-Rad, Richmond, CA. The proteins were stained with Coomassie blue, as described by Schnaitman (1971) , and scanned with a densitometer (Quick Scan, Jr., Helena Labs Corp., Beaumont, TX).
Electrophoretic transfer
Proteins were transferred from the bis:acrylamide gels to nitrocellulose (Bio-Rad, Richmond, CA) using a Transphor electrophoresis cell (Hoefer Scientific Instruments, San Francisco, CA) with its own power supply. The transfer was carried out overnight at 30 V at 4°C using a 25 mM Trizma base (Sigma Chemical Co., St. Louis, MO) buffer containing 0.19 M glycine (Bio-Rad, Richmond, CA) and 20% methanol (J. T. Baker Chemical Co., Phillipsburg, NJ).
Immunochemical detection of antigen -antibody reactions
Each nitrocellulose strip was soaked in 5 % (wlv) non-fat dry milk (Carnation) in 50 mM Tris -HC1 (Sigma Chemical Co., St. Louis, MO) containing 200 mM NaCl (pH 7.6; TBS-milk) for 30 min with shaking at room temperature. The sera to be tested for presence of antibody to M. avium strain 13s were diluted in 5 mL TBS-milk. One strip with protein was placed in each suspension of diluted antibody for 1 h at room temperature with shaking. Each strip was then washed three times for 5 min with TBS-milk. Next, the strips were shaken for 1 h at room temperature in the presence of horseradish peroxidase conjugated rabbit anti-human IgG (Cooper Biomedical, Malvern, PA) diluted to a concentration of 2 pg1mL. Following that incubation the strips were washed three times in TBS-milk. The final wash was 200 mL of PBS (8 g NaC1, 2 g KH,PO,, 0.2 g KC1, 1.13 g Na2HPO4 in 1 L H,O). To develop the color, solution A (60 mg 4-chloro-1-naphthol (BioRad, Richmond, CA) in 20 mL cold methanol) was added to solution B (60 pL 30% hydrogen peroxide in 100 mL PBS) just before use. The strips were washed in this for 8 min, at which time the purple color developed in the presence of peroxidase. The reaction was stopped by washing the strips in water. The strips were stored dry, protected from light.
Results
Isolation and characterization of cytoplasmic membrane
In Table 1 is presented a comparison of the enzyme activities for the crude extract and putative cytoplasmic membrane and soluble fractions isolated from M. avium strain 13s. On the basis of the absence of catalase activity and the higher specific activity of succinic dehydrogenase and NADH oxidase in the cytoplasmic membrane fraction, it is concluded that the method employed resulted in enrichment of the cytoplasmic membrane fraction. Enrichment can be increased by a second centrifugation of the soluble fraction and addition of that pellet to the cytoplasmic membrane fraction (Table 1 , data in parentheses). Examination of reduced minus oxidized spectra of the cytoplasmic membrane fraction demonstrated the presence of cytochromes, which were absent in spectra of the soluble fraction. The peaks observed included those attributable to cytochrome o (peak at 550 nm), b, (peaks at 430 and 560 nm), cytochrome a, (peak at 595-600 nm), and cytochrome a, (peak at 630 nm).
Identijkation of cytoplasmic membrane proteins
In Fig. 1 is shown the pattern of Coomassie blue stained proteins of the cytoplasmic membrane of M. avium strain 13s separated by SDS-PAGE. Of the 21 protein bands which appeared, 1 was dominant. We refer to this 31 000 molecular weight protein as the major cytoplasmic membrane protein (MCMP). The medium for growth of mycobacterial cells strongly influenced the percent MCMP in the cytoplasmic membrane fraction (Fig. 1) . Sixty-four percent (64%) of the membrane protein was MCMP in cells grown in M7H9 lacking the albumin -oleic acid enrichment compared with only 35% for cells grown in the same medium containing the enrichment (Fig. 1) . Water-grown cells had 38 % of the membrane protein as MCMP, whereas cells grown in the low pH, Tween 80 -MM had little MCMP (Fig. 1) The MCMP was present in all MAIS and most other mycobacterial strains examined and grown in M7H9+E. The MCMP comprised 14 -36 % of total membrane protein of all mycobacterial strains examined, with the exception of the M. gordonae strain which lacked a 31 000 protein and the M. terrae strain protein which lacked the 31 000 protein, but had a unique protein of 35 000.
Proteinase treatment of whole cells resulted in a substantial loss of the MCMP. For M. avium strain 13S, the following percent decreases in the MCMP content were observed: proteinase K, 86%; protease VII, 84% and protease V, 56%. Similar decreases were observed for strains 2 s and 14s. It is unlikely that the decrease in MCMP was due to residual proteinase present during cell breakage and cytoplasmic membrane isolation because (i) several proteases (i.e., proteinase V8 and pepsin) had no effect on MCMP, (ii) the cells were washed three times following proteinase treatment, and (iii) EDTA (inhibitor of protease V) and PMSF (inhibitor of protease VII and proteinase K) were present during breakage. Furthermore, the intensity of several other cytoplasmic membrane protein bands did not change as a result of proteinase treatment.
NOTE: For methods of measurements and units, refer to Materials and methods. 'Values in parentheses are results following a repeated centrifugation of the soluble fraction.
b~a l u e s in parentheses were obtained after the pellet formed by re-centrifugation of the soluble fraction was added to the cytoplasmic membrane fraction.
Reaction of cytoplasmic membrane proteins with normal and mycobacteriosis sera The relative intensity of the protein bands seen in Coomassie blue stained SDS -polyacryl&ide gels was maintained when the proteins were transferred to nitrocellulose paper and stained with amido black. With that confirmation of transfer, by M. avium, M. tuberculosis, M. kansaii, and M. szulgai infected patient sera. In addition, the sera recognized other cytoplasmic membrane proteins (Fig. 2) . In Table 2 is listed the highest dilution of the different sera at which the recogni-/ the reaction of the protein bands with sera from mycobacteriainfected and uninfected persons was compared. As can be seen ' in Fig. 2 , the 31 000 molecular weight band was recognized Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by VPI & SU on 02/10/12
For personal use only. 
Discussion
I
On the basis of the distribution of the enzymatic activities of the soluble and cytoplasmic membrane fractions (Table I ), it appears that substantial separation and purification of the cytoplasmic membrane was achieved. This was confirmed by the fact that cytochromes were detected only in the cytoplasmic membrane fraction. Recovery and enrichment of succinic dehydrogenase and NADH oxidase activities in the cytoplasmic membrane fraction (Table 1) were similar to those values reported for cytoplasmic membrane fractions of M. tuberculosis (Millman and Darter 1956 ), M. phlei (Prasad Reddy and Webber 1986) , and other mycobacteria (Darter and Millman 1957) , although (as noted above) greater recovery and enrichment was achieved by a second centrifugation of the soluble fraction to obtain more cytoplasmic membrane material (Table 1) . Characterization of the protein composition of the cytoplasmic membrane fraction led to the surprising Can. J. Microbiol. Downloaded from www.nrcresearchpress.com by VPI & SU on 02/10/12
For personal use only. discovery that it is dominated by a single protein of approximately 31 000 molecular weight (the major cytoplasmic membrane protein, MCMP). Further, the protein was not unique to members of the MAIS group, but was widely distributed among mycobacteria.
The fact that the protein was present and predominant in membranes isolated from cells grown in natural water, which is one natural habitat of MAIS organisms (George et al. 1980) , indicated that its appearance was not artifact of laboratory culture. The observation that Tween 80 -MM grown cells lacked this protein (Fig. 1) and the fact that detergent-grown cells lack the normal MAIS permeability barrier (Mizuguchi et al. 1983) , suggest that the protein may provide a porin function (Nikaido and Vaara 1985) . This may also explain why Tween 80 -MM grown cells have a long lag following transfer to other (non-Tween 80 containing) mycobacterial media in which the strains grow well normally (K. L. George and J. 0. Falkinham, 111, unpublished) . Upon transfer, the cells would be placed under conditions which require the presence of the major cytoplasmic membrane protein for transport.
Lack of this protein in Tween 80 -MM grown cells would lead either to growth delay or death.
Based upon the predominance and surface accessibility of the 31 000 molecular weight protein in the cytoplasmic membrane, it is not surprising that it is recognized by sera from a variety of mycobacteria-infected patients. Table 2 ) and negative control sera had to be obtained from Cleveland, outside the region of the United States where a majority of adults show evidence of previous infection and recognition (Edwards et al. 1969) . Though encouraging, it is premature to speculate on whether serodiagnosis of MAIS infections will be possible using the MCMP. That awaits purification of the MCMP and further testing.
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